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SPIN CURRENT MAGNETIZATION
REVERSAL ELEMENT,
MAGNETORESISTANCE EFFECT
ELEMENT, AND MAGNETIC MEMORY

TECHNICAL FIELD

The present disclosure relates to a spin current magneti-
zation reversal element, a magnetoresistance eflect element,
and a magnetic memory.

Priority 1s claimed on Japanese Patent Application No.

2015-232334 filed on Nov. 27, 2015, Japanese Patent Appli-
cation No. 2016-53072 filed on Mar. 16, 2016, Japanese
Patent Application No. 2016-56038 filed on Mar. 18, 2016,
Japanese Patent Application No. 2016-2103531 filed on Oct.
2’7, 2016, and Japanese Patent Application No. 2016-2103533
filed on Oct. 27, 2016, the content of which 1s mncorporated
herein by reference.

BACKGROUND ART

A giant magnetoresistance (GMR) element formed by a
multi-layer film including a ferromagnetic layer and a non-
magnetic layer and a tunneling magnetoresistance (TMR)
clement using an insulating layer (a tunnel barrier layer, a
barrier layer) as a non-magnetic layer are known. In general,
the TMR element has a higher element resistance than the
GMR element, but the TMR element has a higher magne-
toresistance (MR) ratio than the GMR element. For that
reason, the TMR element has gained attention as elements
for magnetic sensors, high-frequency components, magnetic
heads, and non-volatile random access memories (MRAM).

The MRAM reads and writes data by using a character-
istic 1n which the element resistance of the TMR element
changes when the mutual magnetization directions of two
ferromagnetic layers sandwiching an insulating layer
change. As a writing method of the MRAM, a method of
performing writing (magnetization reversal) by using a
magnetic field caused by a current and a method of per-
forming writing (magnetization reversal) by using a spin
transfer torque (STT), which 1s generated by a current
flowing in a lamination direction of the magnetoresistance
clement, have been known. The magnetization reversal of
the TMR element using STT 1s eflicient from the viewpoint
of energy efliciency, but a reversal current density for the
magnetization reversal 1s high. From the viewpoint of the
long lifetime of the TMR element, 1t 1s desirable that the
reversal current density be low. The same applies to the
GMR element.

In recent years, as a means for reducing the reversal
current by a mechanism different from the STT, magnetiza-
tion reversal using a pure spin current generated by a spin
hall effect has gained attention (for example, see Non-Patent
Document 1). The pure spin current generated by the spin
hall effect induces a spin-orbit torque (SOT) and magneti-
zation reversal occurs by the SOT. Alternatively, even 1n the
pure spin current caused by the Rashba effect at an interface
of different materials, the magnetization reversal 1s caused
by the same SOT. The pure spin current 1s generated when
the same number of upward spin electrons and downward
spin electrons flows 1n the opposite directions and the tflows
of electric charges are cancelled. For that reason, since the
current flowing in the magnetoresistance effect element 1s
zero, there has been an expectation of realizing the magne-
toresistance eflect element having a small reversal current
density.
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2

The spin hall effect 1s dependent on the magnitude of the
spin-orbit interaction. In Non-Patent Document 2, Ta which
1s heavy metal having d electrons causing a spin-orbit
interaction 1s used 1n the spin-orbit torque wiring. Further, 1t
1s known that spin-orbit interaction occurs due to an electric
field mside a crystal caused by the collapse of spatial
iversion symmetry i GaAs which 1s a semiconductor.

CITATION LIST
Non-Patent Literature

Non-Patent Document 1: I. M. Miron, K. Garello, G.
Gaudin, P.-J. Zermatten, M. V. Costache, S. Aufiret, S.
Bandiera, B. Rodmacq, A. Schuhl, and P. Gambardella,
Nature, 476, 189 (2011).

Non-Patent Document 2: S. Fukami, T. Anekawa, C.
Zhang, and H. Ohno, Nature Nanotechnology, DOI:
10.1038/NNANO. 2016. 29.

SUMMARY OF INVENTION

Problems to be Solved by the Invention

In Non-Patent Document 2, it 1s reported that the reversal
current density (hereinaiter, referred to as a “SOT reversal
current density”) caused by the SOT 1s the same as the
reversal current density caused by the STT. In order to
further reduce the reversal current density caused by the
SOT, there 1s a need to use a material causing a high spin hall
cllect, that 1s, a material having a high pure spin current
generation efliciency.

The present disclosure 1s made 1n view of the above-
described problems and an object of the present disclosure
1s to provide a spin current magnetization reversal element,
a magnetoresistance eflect element, and a magnetic memory,
which are capable of performing magnetization reversal by
a pure spin current at a low reversal current density com-
pared to the related art.

Means for Solving the Problems

Although the cause of the SOT 1s not clearly proved vet,
an internal factor and an external factor are roughly consid-
ered.

The iternal factor 1s caused by the material 1tself con-
stituting the spin-orbit torque wiring. For example, examples
of the internal factor include the type of material used for the
spin-orbit torque wiring and a crystal structure of the spin-
orbit torque wiring.

Meanwhile, the external factor 1s caused by an external
action and 1s a factor other than the internal factor. For
example, examples of the external factor include scattering
factors such as impurities contained 1n the spin-orbit torque
wiring and the interface provided between the spin-orbit
torque wiring and other layers.

The mnventors focused on the SOT caused by the crystal
structure of the spin-orbit torque wiring among various
reasons. Conventionally, a single heavy metal has been used
as a material for the spin-orbit torque wiring. This 1s because
a simple material 1s suitable for explaiming a physical
phenomenon which i1s called SOT. On the contrary, the
inventors examined the effect of SOT 1n a wide range of
combinations mainly on alloys having a crystal structure
with collapsed inversion symmetry. This 1s because a large
SOT eflect can be expected by an internal field which 1s
caused by the collapse of the symmetry of the crystal
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structure 1n such a material. Then, a prescribed material
which exhibits an SOT reversal current density lower by

about two digits of magnitude than the single SOT reversal
current density of the related art was discovered, and the
present disclosure was contrived.

The present disclosure provides the following means to
solve the above-described problems.

(1) A spin current magnetization reversal element accord-
ing to an aspect of the present disclosure includes: a first
terromagnetic metal layer with a changeable magnetization
direction; and a spin-orbit torque wiring, wherein a first
direction 1s defined as a direction perpendicular to a surface
of the first ferromagnetic metal layer, the spin-orbit torque
wiring extends 1n a second direction intersecting the first
direction, and the spin-orbit torque wiring 1s bonded to the
first ferromagnetic metal layer, wherein a matenial of the
spin-orbit torque wiring 1s a binary alloy represented by the
formula A B, _a metal carbide, or a metal nitride, wherein
A 1s an element selected from a group consisting of Al, Ti,
and Pt, and B 1s an element selected from a group consisting
of Al, Cr, Mn, Fe, Co, N1, Y, Ru, Rh, and Ir and the material
has a cubic structure with symmetry of a space group Pm-3m
or Fd-3m; or A 1s an element selected from a group con-
sisting of Al, S1, T1, Y, and Ta, and B 1s an element selected
from a group consisting of C, N, Co, Pt, Au, and B1 and the
material has a cubic structure with symmetry of a space
group Fm-3m.

(2) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of Al Fe, Al Co,_, Al Ni,_., Al Ru,_,,
Al Rh,_, AllIr, , Ti Fe, , T1 Co,_, and Ti Ni,__, which
have a structure of CsCl.

(3) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of T1 Fe,_ ., T1, Co,_,, and T1 Ni1,_, which
have a structure of T1,Ni.

(4) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of Pt Al, , Pt Cr,_, Pt Mn,_, Pt Fe,_,
and Pt Y, ., which have a structure of Cu,Au.

(3) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of AL N,_, T1 C,_, Ti N,_, Y Bi1,_, and
Ta N,_., which have a structure of NaCl.

(6) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of Al Fe, . S1 Mn,_, and S1 Fe,__, which
have a structure of BiF,;.

(7) In the spin current magnetization reversal element
according to (1), the material may be one selected from a
group consisting of Al_Pt,__, Al_Au,__, and Al _Co,__, which
have a structure of CaF,,.

(8) A magnetoresistance ellect element according to an
aspect of the present disclosure includes: the spin current
magnetization reversal element according to any one of (1)
to (7); a second ferromagnetic metal layer with a fixed
magnetization direction; and a non-magnetic layer which 1s
sandwiched between the first ferromagnetic metal layer and
the second ferromagnetic metal layer.

(9) A magnetic memory according to an aspect of the
present disclosure includes a plurality of the magnetoresis-
tance eflect elements according to (8).

-x2 -x3

-x -x -Xx9

Advantageous Effects of Invention

According to the spin current magnetization reversal
clement of the present disclosure, 1t 1s possible to provide a
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4

spin current magnetization reversal element capable of per-
forming magnetization reversal by a pure spin current at a
low reversal current density compared to the related art.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram showing an embodiment of
a spin current magnetization reversal element of the present
disclosure, where FIG. 1(a) 1s a plan view and FIG. 1(b) 1s
a cross-sectional view.

FIG. 2 1s a schematic diagram showing a spin hall efiect.

FIG. 3 15 a schematic diagram showing an embodiment of
the magnetoresistance eflect element according to the pres-
ent disclosure, where FI1G. 3(a) 1s a plan view and FIG. 3(b)
1s a cross-sectional view.

BEST MODE FOR CARRYING OUT TH.
INVENTION

(L]

Heremnaftter, the present disclosure will be described 1n
detail with reference to the appropriate drawings. In the
diagrams used 1n the following description, a featured part
may be enlarged for convemence of description to easily
understand the features of the present disclosure and the
dimensional ratios of the components may be different from
actual ratios. The materials, dimensions and the like 1n the
following description are merely exemplary examples and
the present disclosure 1s not limited to these examples.
Various modifications may be appropriately made 1n a range
where the effect of the present disclosure can be achieved.
The element of the present disclosure may include other
layers 1n so far as the eflect of the present disclosure is
obtained.

(Spin Current Magnetization Inversion Element)

FIG. 1 1s a schematic diagram showing an example of a
spin current magnetization reversal element according to an
embodiment of the present disclosure. FIG. 1(a) 1s a plan
view and FIG. 1(b) 1s a cross-sectional view taken along a
line X-X which 1s a center line of a spin-orbit torque wiring
2 of FIG. 1(a) 1n the width direction.

A spin current magnetization reversal element 10 shown
in FIG. 1 includes a first ferromagnetic metal layer 1 with a
changeable magnetization direction and a spin-orbit torque
wiring 2 which extends 1n a second direction (x direction),
which 1s a direction perpendicular to the surface of the first
ferromagnetic metal layer 1, and 1s bonded to a first surface
la of the first ferromagnetic metal layer 1. The material of the
spin-orbit torque wire 2 1s a binary alloy represented by the
formula A B, _,, a metal carbide, or a metal nitride, where A
1s an element selected from a group consisting of Al, T1, and
Pt and B 1s an element selected from a group consisting of
Al, Cr, Mn, Fe, Co, N1, Y, Ru, Rh, and Ir, and the material
has a cubic structure with symmetry of a space group Pm-3m
or Fd-3m. Alternatively, A 1s an element selected from a
group consisting of Al, S1, T1, Y, and Ta and B 1s an element
selected from a group consisting of C, N, Co, Pt, Au, and Ba,
and the material has a cubic structure with symmetry of a
space group Fm-3m.

The imventors of the present disclosure determined a
material search policy, such that a binary alloy 1s mainly
searched for the spin-orbit torque wiring, materials are
searched to break rotational symmetry by mixing heavy
metals with good cubic crystal rotation symmetry as host
metal and light elements as heterogeneous substitution met-
als causing asymmetry, and materials are searched which
have good lattice matching with Fe which 1s mainly used as
the material of the first ferromagnetic metal layer in order to
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obtain a high magnetoresistance eflect. It should be noted
that 1n the material of the spin-orbit torque wiring, the
substitution material to be mixed with the host material 1s
not an impurity but a material constituting the crystal.
However, the maternial of the spin-orbit torque wiring may 5
contain inevitable impurities inevitably included in raw
materials or mnevitably mixed in the manufacturing process.

When A 1s Al and B 1s Al, the material 1s not a binary
alloy, metal carbide, or metal nitride. In this case, the
material 1s not included in the present disclosure. 10

Hereinafter, a direction which 1s perpendicular to the
surface of the first ferromagnetic metal layer 1 or a direction
in which the first ferromagnetic metal layer 1 and the
spin-orbit torque wiring 2 are laminated will be set as the z
direction (a first direction), a direction (a second direction) 15
which 1s perpendicular to the z direction and 1s parallel to the
spin-orbit torque wiring 2 will be set as the x direction, and
a direction (a third direction) which 1s orthogonal to the x
direction and the z direction will be set as the y direction.

In the following description including FIG. 1, a case of a 20
configuration in which the spin-orbit torque wiring extends
in a direction orthogonal to the first direction will be
described as an example of a configuration in which the
spin-orbit torque wiring extends 1n a direction intersecting
the first direction which 1s a direction perpendicular to the 25
surface of the first ferromagnetic metal layer.

A spin-orbit interaction occurs more strongly 1n materials
with lower spatial inversion symmetry. Therefore, 1n the
case of a material which 1s a predetermined binary alloy,
metal carbide, or metal nitride 1n the cubic crystal structure 30
belonging to the space group of Pm-3m, Fd-3m, or Fm-3m
of the present disclosure, even 1f the crystals have good
symmetry, the reversal symmetry collapses due to the dif-
terence between the two kinds of materials and hence a high
spin-orbit iteraction can be caused. 35

<Spin-orbit Torque Wiring>

The spin-orbit torque wiring 2 1s provided to perform
magnetization reversal using the spin-orbit torque (SOT)
and when a current flows therethrough, a pure spin current
1s generated therein by a spin hall eflect. 40

The spin hall effect 1s a phenomenon 1n which a pure spin
current 1s induced 1n a direction orthogonal to a direction of
a current based on a spin-orbit interaction when a current
flows to a matenial.

FI1G. 2 1s a schematic diagram showing the spin hall effect. 45
FIG. 2 15 a cross-sectional view when the spin-orbit torque
wiring 2 shown in FIG. 1 1s cut along the x direction.
Referring to FIG. 2, a mechanism 1n which the pure spin
current 1s generated by the spin hall eflect will be described.

As shown 1n FIG. 2, when a current 1 flows in the 50
extension direction of the spin-orbit torque wiring 2, a first
spin S1 oriented toward the front side of the paper and a
second spin S2 oriented toward the rear side of the paper can
be respectively bent 1n a direction orthogonal to the current.
The ordinary hall eflect and the spin hall effect are common 55
in that the motion (movement) direction of the charge
(electron) that acts (moves) 1s bent. However, there 1s a big
difference 1n that the ordinary hall eflect has a feature that
the movement direction of the charged particles moving in
the magnetic field can be bent by the Lorentz force, and the 60
spin hall eflect has a feature that the movement direction can
be bent only by electron movement (current flows) even
though there 1s no magnetic field.

In a non-magnetic material (a maternial other than the
ferromagnetic material), since the number of electrons of the 65
first spin S1 1s the same as the number of electrons of the
second spin S2, the number of electrons of the first spin S1

"y

6

directed upward in the drawing 1s the same as the number of
clectrons of the second spin S2 directed downward. For that
reason, the current flowing as a net charge tlow 1s zero. The
spin current without electric current 1s particularly called a
pure spin current.

When the current flows 1n the ferromagnetic material, the
first spin S1 and the second spin S2 are bent 1n the opposite
direction 1n the same way. Meanwhile, 1n the ferromagnetic
material, one of the first spin S1 and the second spin S2 1s
large, and as a result, a net charge tlow will occur (a voltage
occurs). Thus, as the material of the spin-orbit torque wiring
2, a material only including the ferromagnetic material 1s not
included.

Here, when the flow of electrons of the first spin S1 1s
indicated by J1, the flow of electrons of the second spin S2
1s indicated by J|, and the spin current 1s 1indicated by J_ 1t
1s defined as J =J{-1|. In FIG. 2, I corresponding to the
pure spin current flows upward 1n the drawing. Here, J_
indicates the tlow of electrons having a polarization ratio of
100%.

In FIG. 1, when a ferromagnetic material 1s brought nto
contact with the top surface of the spin-orbit torque wiring
2, the pure spin current tlows into the ferromagnetic material
to be diffused therein. That 1s, the spin 1s injected nto the
first ferromagnetic metal layer 1. Here, the spin-orbit torque
wiring 2 and the first ferromagnetic metal layer 1 may be
bonded to each other “directly” or bonded to each other
“through other layer”. As long as a pure spin current
generated 1n the spin-orbit torque wiring flows to the first
ferromagnetic metal layer, a method of bonding (connecting
or coupling) the spin-orbit torque wiring and the first fer-
romagnetic metal layer to each other 1s not limited.

As the matenial constituting the spin-orbit torque wiring 2,
one selected from a group consisting of Al Fe,_, Al Co,_,,
Al N1, Al Ru, , Al Rh, ,Al Ir,_,T1i Fe, ,TiCo,_,and
T1,Ni1,__, which have the structure of CsCl, can be used.

Since the spin-orbit torque wiring 2 1s formed of these
materials, a high spin-orbit interaction can be caused.

Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

As the material constituting the spin-orbit torque wiring 2,
one selected from the group consisting of 11, Fe,_, T1, Co,_,,
and T1_N1,__, which have the structure o1 'T1,Ni1, can be used.

Since the spin-orbit torque wiring 2 1s formed of these
materials, a high spin-orbit interaction can be caused.

Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

As the material constituting the spin-orbit torque wiring 2,
one selected from the group consisting of Pt Al,_, Pt Cr,_.,
Pt Mn, __, Pt Fe,_, and Pt Y,__, which have the structure of
Cu;Au, can be used.

Since the spin-orbit torque wiring 2 1s formed of these
maternals, a high spin-orbit interaction can be caused.

Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

As the matenial constituting the spin-orbit torque wiring 2,
one selected from the group consisting of AL N, _, T1 C,_|

T1 N, ., Y Bi1,_, and Ta N, _, which have the structure of
NaCl, can be used.
Since the spin-orbit torque wiring 2 1s formed of these

materials, a high spin-orbit interaction can be caused.

-x2

1-x?
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Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

As the matenal constituting the spin-orbit torque wiring 2,
one selected from the group consisting of Al Fe,_, S1_ Mn, __,
and S1_Fe,_, which have the structure of BiF,, can be used.

Since the spin-orbit torque wiring 2 1s formed of these
materials, a high spin-orbit interaction can be caused.

Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

As the maternial constituting the spin-orbit torque wiring 2,
one selected from the group consisting of Al Pt,_, Al Au,__,
and Al Co,__, which have the structure of CaF,, can be used.

Since the spin-orbit torque wiring 2 1s formed of these
materials, a high spin-orbit interaction can be caused.

Further, since these materials have a lattice mismatch of
5% or less with the ferromagnetic metal layer of Fe or the
like to be bonded, a high magnetoresistance ratio 1s main-
tained.

<First Ferromagnetic Metal Layer>

In the spin current magnetization reversal element shown
in FIG. 1, the first ferromagnetic metal layer may be an
in-plane magnetization film of which a magnetization direc-
tion 1s an in-plane direction parallel to the layer, or a
perpendicular magnetization film of which a magnetization
direction 1s perpendicular to the layer.

In the spin current magnetization reversal element shown
in FIG. 1, the first ferromagnetic metal layer has a shape
anisotropy having an elongated axis 1n the second direction
which 1s the extending direction of the spin-orbit torque
wiring in a plan view.

Since the first ferromagnetic metal layer 1s narrow and
clongated 1n this way, the magnetization 1s easily reversed 1n
this direction and hence the reversal current density can also
be small accordingly.

In the spin current magnetization reversal element shown
in FIG. 1, the first ferromagnetic metal layer has a square
shape (more accurately, a rectangular shape) when viewed
from above 1n the z direction, but may have an elliptical
shape or other shapes.

The first ferromagnetic metal layer will be described later.

Hereinafter, the magnetoresistance effect element using
the spin current magnetization reversal element will be
described, but the application of the spin current magneti-
zation reversal element 1s not limited to the magnetoresis-
tance eflect element. As another application, for example,
the spin current magnetization reversal element can also be
used 1n a spatial light modulator in which the spin current
magnetization reversal element 1s disposed at each pixel and
spatially modulates the incident light by utilizing the mag-
neto-optical eflect. In order to avoid the hysteresm cllect
caused by the coercivity of the magnet in the magnetic
sensor, a magnetic field to be applied to the magnetization
casy axis of the magnet may be replaced by SOT.

(Magnetoresistance Eflect Element)

The magnetoresistance eflect element according to the
embodiment of the present disclosure includes the spin
current magnetization reversal element of the present dis-
closure, the second ferromagnetic metal layer of which the
magnetization direction 1s fixed, and the non-magnetic layer
sandwiched between the first ferromagnetic metal layer and
the second ferromagnetic metal layer.

FI1G. 3 1s a diagram showing an application example of the
spin current magnetization reversal element of the present
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disclosure and 1s a schematic diagram showing an example
of a magnetoresistance eflect element which i1s also the
magnetoresistance effect element according to the embodi-
ment of the present disclosure. FIG. 3(a) 1s a plan view and
FIG. 3(b) 1s a cross-sectional view taken along a line X-X
which 1s a center line of the spin-orbit torque wiring 2 of
FIG. 3(a) in the width direction.

A magnetoresistance effect element 100 shown 1n FIG. 3
includes the spin current magnetization reversal element (a
first ferromagnetic metal layer 101 and a spin-orbit torque
wiring 120) of the present disclosure, a second ferromag-
netic metal layer 103 with a fixed magnetization direction,
and a non-magnetic layer 102 which 1s sandwiched between
the first ferromagnetic metal layer 101 and the second
terromagnetic metal layer 103. Further, it can be said that the
magnetoresistance elflect element 100 shown i FIG. 3
includes a magnetoresistance eflect element portion 105 and
the spin-orbit torque wiring 120.

FIG. 3 also shows a substrate 110 for manufacturing the
magnetoresistance effect element 100.

Since the magnetoresistance eflect element according to
the embodiment of the present disclosure includes the spin-
orbit torque wiring 120, 1t 1s possible to use a structure
wherein the magnetization reversal of the magnetore sistance
ellect element 1s performed only by SOT using the pure spin
current (hereinafter, referred to as a configuration only using
“SOT™), and to use a structure wherein SOT of the pure spin
current 1s used together in the magnetoresistance ellect
clement using STT of the related art (hereinafter, referred to
as a configuration using “both STT and SOT”). Additionally,
when the STT 15 used, a wiring for the current flowing in the
lamination direction of the magnetoresistance effect element
100 1s necessary.

In the following description including FIG. 3, as an
example of a configuration in which the spin-orbit torque
wiring extends in a direction intersecting the lamination
direction of the magnetoresistance eflect element portion, a
case of a configuration 1n which the wiring extends in the
orthogonal direction will be described.

<Magnetoresistance Ellect FElement Portion™>

The magnetoresistance edl

ect element portion 105
includes the second ferromagnetic metal layer 103 of which
the magnetization direction 1s fixed, the first ferromagnetic
metal layer 101 of which the magnetization direction can
change, and the non-magnetic layer 102 which 1s sand-
wiched between the second ferromagnetic metal layer 103
and the first ferromagnetic metal layer 101.

Since the magnetization of the second ferromagnetic
metal layer 103 1s fixed 1n one direction and the magneti-
zation direction of the first ferromagnetic metal layer 101
relatively changes, a function as the magnetoresistance
cllect element portion 1035 1s exhibited. In the case of
applying to a coercivity-diflered type (pseudo spin valve
type) MRAM, the holding force of the second ferromagnetic
metal layer 1s larger than the coercivity of the first ferro-
magnetic metal layer. Further, 1n the case of applying to an
exchange bias type (spin valve type) MRAM, the magneti-
zation direction of the second ferromagnetic metal layer 1s
fixed due to the exchange coupling with the antiferromag-
netic layer.

Further, the magnetoresistance eflect element portion 105
1s a TMR (Tunneling Magnetoresistance) element when the
non-magnetic layer 102 1s formed as an insulator, and 1s a
GMR (Giant Magnetoresistance) element when the non-
magnetic layer 102 1s formed of metal.

As the magnetoresistance efl

ect element portion of the
present disclosure, a configuration of a known magnetore-
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sistance eflect element portion can be used. For example,
cach layer may consists of a plurality of layers, and each
layer may include other layers such as an antiferromagnetic
layer for fixing the magnetization direction of the second
ferromagnetic metal layer.

The second ferromagnetic metal layer 103 i1s called a
magnetization fixed layer or a reference layer, and the first
terromagnetic metal layer 101 1s called a magnetization free
layer or a recording layer.

The second ferromagnetic metal layer 103 and the first
ferromagnetic metal layer 101 may be an 1n-plane magne-
tization film of which a magnetization direction 1s an in-
plane direction parallel to the layer or a perpendicular
magnetization film of which a magnetization direction 1s a
direction perpendicular to the layer.

As the material of the second ferromagnetic metal layer
103, a known material can be used. For example, a metal
selected from a group consisting of Cr, Mn, Co, Fe, and N1
and alloy exhibiting ferromagnetism and containing at least
one of these metals can be used. Alloy contaiming these
metals and at least one element of B, C, and N can be also
used. Specifically, Co—Fe and Co—Fe—B are exemplary
examples.

In order to obtain a higher output, it 1s desirable to use
Heusler alloy such as Co,FeSi. The Heusler alloy contains
an intermetallic compound having a chemical composition
of X,YZ, where X 1ndicates a transition metal element or a
noble metal element of Co, Fe, N1, or Cu group on the
periodic table, Y indicates transition metal of Mn, V, Cr, or
T1 group and can be element species of X, and Z indicates
a typical element of group III to group V. For example,
Co,FeS1, Co,MnS1, Co,Mn,_Fe Al, S1,_,, and the like are
exemplary examples.

Further, an antiferromagnetic material such as IrMn or
PtMn may be used as a material 1n contact with the second
ferromagnetic metal layer 103 in order to further increase
the coercivity of the second ferromagnetic metal layer 103
with respect to the first ferromagnetic metal layer 101. In
addition, 1n order to prevent the leakage magnetic field of the
second ferromagnetic metal layer 103 from atiecting the first
ferromagnetic metal layer 101, a synthetic ferromagnetic
coupling structure may be adopted.

Furthermore, when the magnetization direction of the
second ferromagnetic metal layer 103 1s made perpendicular
to the laminated surface, it 1s desirable to use a laminated
film of Co and Pt. Specifically, the second ferromagnetic

metal layer 103 may have a structure of [Co (0.24 nm)/Pt
(0.16 nm)],/Ru (0.9 nm)/[Pt (0.16 nm)/Co (0.16 nm)],/Ta

(0.2 nm)/'FeB (1.0 nm).

As the matenal of the first ferromagnetic metal layer 101,
a ferromagnetic material can be applied, and a soft magnetic
material can be particularly preterably applied. For example,
metal selected from a group consisting of Cr, Mn, Co, Fe,
and Ni, alloy containing at least one of these metals, and
alloy containing these metals and at least one element of B,
C, and N can be used. Specifically, Co—Fe, Co—Fe—B, or
Ni1—Fe are exemplary examples.

When the magnetization direction of the first ferromag-
netic metal layer 101 1s made perpendicular to the lamina-
tion surface, 1t 1s desirable to set the thickness of the first
terromagnetic metal layer to 2.5 nm or less. It 1s possible to
apply perpendicular magnetic anisotropy to the first ferro-
magnetic metal layer 101 at the interface between the first
terromagnetic metal layer 101 and the non-magnetic layer
102. Further, since the eflect of the perpendicular magnetic
anisotropy 1s attenuated when the film thickness of the first
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terromagnetic metal layer 101 1s thickened, 1t 1s desirable to
decrease the film thickness of the first ferromagnetic metal
layer 101.

A known material can be used 1n the non-magnetic layer
102.

For example, when the non-magnetic layer 102 1s formed
as an insulator (that i1s, formed as a tunnel barrier layer),
Al,O,, S10,, MgO, MgAl,O, and the like can be used as the
material thereof. In addition, a material 1n which a part of Al,
S1, and Mg 1s substituted by Zn, Be, and the like can be also
used. Among these, since MgO or MgAl,O, 1s a material
that can realize coherent tunneling, the spin can be efli-
ciently injected.

Further, when the non-magnetic layer 102 1s formed of
metal, Cu, Au, Ag, and the like can be used as the material
thereof.

Further, as shown in FIG. 3, 1t 1s desirable that the cap
layer 104 be preferably formed on a surface of the first
ferromagnetic metal layer 101, wherein the surface 1s oppo-
site to the other surface which contacts with the non-
magnetic layer 102. The cap layer 104 can suppress the
diffusion of elements from the first ferromagnetic metal
layer 101. Further, the cap layer 104 also contributes to the
crystal orientation of each layer of the magnetoresistance
ellect element portion 105. As a result, when the cap layer
104 1s provided, the magnetism of the first ferromagnetic
metal layer 101 and the second ferromagnetic metal layer
103 of the magnetoresistance eflect element portion 105 1s
stabilized and hence the resistance of the magnetoresistance
cllect element portion 105 can be decreased.

It 1s desirable to use a material with high conductivity for
the cap layer 104. For example, Ru, Ta, Cu, Ag, Au, and the
like can be used. The crystal structure of the cap layer 104
1s desirably set appropnately from the fcc structure, the hep
structure, or the bcc structure according to the crystal
structure of the adjacent ferromagnetic metal layer.

Further, it 1s desirable to use any one selected from a
group consisting of silver, copper, magnesium, and alumi-
num for the cap layer 104. Although 1t will be described later
in detail, when the spin-orbit torque wiring 120 and the
magnetoresistance eflect element portion 105 are connected
to each other through the cap layer 104, it 1s desirable that
the cap layer 104 prevent the dissipating of the spin trans-
mitted from the spin-orbit torque wiring 120. It 1s known
that silver, copper, magnesium, aluminum, and the like have
a long spin diffusion length of 100 nm or more, and the spin
hardly dissipates.

It 1s desirable that the thickness of the cap layer 104 be
equal to or smaller than the spin diffusion length of the
material constituting the cap layer 104. When the thickness
of the cap layer 104 i1s equal to or smaller than the spin
diffusion length, the spin transmitted from the spin-orbit
torque wiring 120 can be sufliciently transmitted to the
magnetoresistance effect element portion 105,

<Substrate>

It 1s desirable that the substrate 110 have high flatness. In
order to obtain a surface having high flatness, for example,
S1, AIT1C, and the like can be used as a material thereof.

An underlayer (not shown) may be formed on a surface of
the substrate 110, wherein the surface 1s on the side of the
spin-orbit torque wiring 120. When the underlayer 1s pro-
vided, 1t 1s possible to control the crystallimty such as the
crystal orientation and a crystal grain size of each layer
including the spin-orbit torque wiring 120 laminated on the
substrate 110.

It 1s desirable that the underlayer have an insulation
property. This countermeasure 1s for preventing the current
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flowing 1n the spin-orbit torque wiring 120 and the like from
dissipating. Various materials can be used for the underlayer.

For example, as one example, a nitride layer having a
(001)-oriented NaCl structure and containing at least one
clement selected from a group of Ti, Zr, Nb, V, Hi, Ta, Mo,
W, B, Al, and Ce can be used for the underlayer.

As another example, a layer of (002)-oriented perovskite-
based conductive oxide represented by a composition for-
mula of XYO, can be used for the underlayer. Here, the site
X contains at least one element selected from a group of Sr,
Ce, Dy, La, K, Ca, Na, Pb, and Ba and the site Y contains
at least one element selected from a group of 11, V, Cr, Mn,
Fe, Co, N1, Ga, Nb, Mo, Ru, Ir, Ta, Ce, and Pb.

As another example, a layer of an oxide having a (001)-
oriented NaCl structure and containing at least one element
selected from a group of Mg, Al, and Ce can be used for the
underlayer.

As another example, a layer having a (001)-oriented
tetragonal structure or a cubic crystal structure and contain-
ing at least one element selected from a group of Al, Cr, Fe,
Co, Rh, Pd, Ag, Ir, Pt, Au, Mo, and W can be used for the
underlayer.

Further, the underlayer 1s not limited to a single layer and
may be obtained by laminating a plurality of layers in the
above-described example. By studying the structure of the
underlayer, the crystallinity of each layer of the magnetore-
sistance eflect element portion 105 can be enhanced and the
magnetic characteristics can be improved.

<Upper Wiring>

An upper wiring (not shown) may be provided on a
surface (an upper surface in FIG. 3) of the second ferro-
magnetic metal layer 103, wherein the surface 1s opposite to
the other surface where the non-magnetic layer 102 1s
provided.

The upper wiring 1s electrically connected to the second
ferromagnetic metal layer 103 of the magnetoresistance
ellect element portion 105, a closed circuit 1s formed by the
upper wiring, the spin-orbit torque wiring 120, and a power
supply (not shown), and a current flows 1n the lamination
direction of the magnetoresistance effect element portion
105.

The material of the upper wiring 1s not particularly limited
as long as the wiring has high conductivity. For example,
aluminum, silver, copper, gold, and the like can be used.

In the case of a configuration using both “STT and SOT”,
two power supplies including a first power supply and a
second power supply may be used.

The first power supply 1s connected to the upper wiring
and the spin-orbit torque wiring 120. The first power supply
can control a current flowing in the lamination direction of
the magnetoresistance eflect element portion 105.

The second power supply 150 1s connected to both ends
of the spin-orbit torque wiring 120. The second power
supply 150 can control a current flowing in the spin-orbit
torque wiring 120, wherein the current flows 1n a direction
orthogonal to the lamination direction of the magnetoresis-
tance eflect element portion 105.

As described above, the current flowing 1n the lamination
direction of the magnetoresistance effect element portion
105 induces STT. On the contrary, the current flowing in the
spin-orbit torque wiring 120 imduces SOT. Both STT and
SOT contribute to the magnetization reversal of the first
terromagnetic metal layer 101.

In this way, when the amount of the current flowing in the
lamination direction of the magnetoresistance effect element
portion 105 and the current tflowing in a direction orthogonal
to the lamination direction 1s controlled by two power
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supplies, 1t 1s possible to freely control the contribution rate
at which SOT and STT contribute to the magnetization
reversal.

For example, when a large current cannot tlow to the
device, a control may be performed such that STT having
high energy efliciency for the magnetization reversal i1s
mainly used. That 1s, the amount of the current flowing from
the first power supply can be increased and the amount of the
current flowing from the second power supply can be
decreased.

Further, for example, when a thin device needs to be
manufactured and the non-magnetic layer 102 has to be thin,
a current flowing in the non-magnetic layer 102 should be
small. In this case, the amount of the current tlowing from
the first power supply 1s decreased and the amount of the
current flowing from the second power supply 1s increased
to mcrease the contribution rate of SOT.

As the first power supply and the second power supply,
known power supplies can be used.

As described above, according to the magnetoresistance
cllect element 1n the case of using both “STT and SOT” of
the present disclosure, the contribution rates of STT and
SOT can be freely controlled by the amount of the currents
supplied from the first power supply and the second power
supply. For that reason, since the contribution rates of STT
and SOT can be freely controlled in response to the perfor-
mance required for the device, an element which can func-
tion as a more versatile magnetoresistance eflect element
can be obtained.

(Magnetization Reversal Method)

In the magnetization reversal method, the current density
of the current flowing 1n the spin-orbit torque wiring of the
magnetoresistance eflect element of the present disclosure
can be less than 1x10’A/cm”.

When the current density of the current flowing in the
spin-orbit torque wiring 1s too large, heat 1s generated by the
current tflowing in the spin-orbit torque wiring. When the
heat 1s applied to the second ferromagnetic metal layer, the
stability of the magnetization of the second ferromagnetic
metal layer disappears and hence unexpected magnetization
reversal or the like may occur. When such unexpected
magnetization reversal occurs, a problem arises in that the
recorded information 1s rewritten. That 1s, 1t 1s desirable to
adjust the current density of the current flowing in the
spin-orbit torque wiring so that the current density does not
increase too much in order to avoid the unexpected magne-
tization reversal. When the current density of the current
flowing in the spin-orbit torque wiring is less than 1x107A/
cm?®, it is possible to prevent the magnetization reversal
caused by at least generated heat.

In the magnetization reversal method, when the magne-
toresistance elflect element of the present disclosure has a
configuration of using “STT and SOT™, a current may be
applied to the power supply of the magnetoresistance ellect
clement after a current 1s applied to the power supply of the
spin-orbit torque wiring.

The SOT magnetization reversal step and the STT mag-
netization reversal step may be performed at the same time
or the STT magnetization reversal step may be performed
after the SOT magnetization reversal step 1s performed 1n
advance. A current may be supplied from the first power
supply and the second power supply at the same time or a
current may be supplied from the first power supply after a
current 1s supplied from the second power supply. However,
it 1s desirable to apply a current to the power supply of the
magnetoresistance eflect element after applying a current to
the power supply of the spin-orbit torque wiring in order to
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more certainly obtain the magnetization reversal assisting
ellect using SOT. That 1s, 1t 1s desirable to supply a current
from the first power supply aiter supplying a current from
the second power supply.

(Magnetic Memory)
The magnetic memory (MRAM) of the present disclosure
includes a plurality of magnetoresistance eflect elements of

the present disclosure.

(Manufacturing Method)

The spin current magnetization reversal element can be
obtained by using a film formation technique such as a
sputtering method and a shape processing technique such as
photolithography and Ar ion milling Hereinatfter, a method
of manufacturing the spin current magnetization reversal
clement will be described by describing a method of manu-
facturing the magnetoresistance eflect element adopting the
spin current magnetization reversal element.

First, a spin-orbit torque wiring 1s formed on a substrate
corresponding to a support body. A film 1s formed from
metal constituting the spin-orbit torque wiring by using
binary simultaneous sputtering. As the adjustment of a
composition ratio, various composition ratios can be real-
1zed by adjusting the applied DC voltage and adjusting the
sputtering rate of each composition ratio. Next, the spin-
orbit torque wiring 1s processed into a predetermined shape
using a technique such as photolithography.

Then, portions other than the spin-orbit torque wiring are
covered with an insulating film such as an oxide film. The
exposed surfaces of the spin-orbit torque wiring and the
insulating film are preferably polished by chemical mechani-
cal polishing (CMP).

Next, a magnetoresistance eflect element 1s manufac-
tured. The magnetoresistance eflect element can be manu-
factured by using known film forming methods such as
sputtering. When the magnetoresistance effect element 1s a
TMR element, for example, a tunnel barrier layer 1s formed
by first sputtering magnesium, aluminum, and metal serving
as a divalent cation of a plurality of non-magnetic elements
on a {irst ferromagnetic metal layer to form a metal thin film
having a thickness of about 0.4 to 2.0 nm, performing
plasma oxidation or natural oxidation by oxygen introduc-
tion, and performing a subsequent heat treatment. Examples
of the film formation method include a vapor deposition
method, a laser ablation method, an MBE method, and the
like 1n addition to the sputtering method.

It 1s desirable to perform an annealing treatment on the
obtained laminated film. The layer formed by reactive
sputtering 1s amorphous and needs to be crystallized. For
example, when Co—Fe—B 1s used as the ferromagnetic
metal layer, a part of B 1s crystallized by being annealed.

The magnetoresistance effect element manufactured by
annealing 1mproves the MR ratio as compared with the
magnetoresistance eflect element manufactured without an
annealing treatment. It 1s considered that the uniformity of
the crystal size and the orientation of the tunnel barrier layer
of the non-magnetic layer are improved by the annealing
treatment.

As the annealing treatment, 1t 1s desirable to perform
heating for 1 hour or more and 10 hours or less at a
temperature of 100° C. or more and 500° C. or less while
applying a magnetic field of 2 kOe or more and 10 kOe or
less after performing heating for 5 minutes or more and 100
minutes or less at a temperature of 300° C. or more and 500°
C. or less 1n an inert atmosphere such as Ar.

As a method for forming the magnetoresistance eflect
clement into a predetermined shape, processing means such
as photolithography or the like can be used. First, the
magnetoresistance efl

ect element 1s laminated and then a
resist 1s applied to the surface of the magnetoresistance
cllect element opposite to the spin-orbit torque wiring. Then,
a predetermined portion of the resist 1s cured, and the
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unnecessary portion of the resist 1s removed. A portion
where the resist 1s cured becomes a protective film of the
magnetoresistance eflect element. The shape of the portion
where the resist 1s cured matches the shape of the finally
obtained magnetoresistance efli

ect element.

Then, processing such as 1on milling and reactive ion
ctching (RIE) 1s performed on the surface on which the
protective film has been formed. A portion where the pro-
tective film 1s not formed 1s removed and thus a magnetore-
sistance eflect element having a predetermined shape 1s
obtained.

The present disclosure 1s not limited to the configuration
and the manufacturing method of the spin current magneti-
zation reversal element according to the aforementioned
embodiment, and various modifications can be made with-
out departing from the spirit of the present disclosure.

For example, 1n the above-described embodiment, a so-
called top pin structure of the magnetoresmtance cllect
clement has been an exemplary example 1n which the first
ferromagnetic metal layer laminated later and disposed close
to the substrate 1s formed as a free magnetization layer and
the second ferromagnetic metal layer laminated first and
disposed far from the substrate 1s a magnetization fixed layer
(pin layer), but the structure of the magnetoresistance eflect
clement 1s not particularly limited. For example, a so-called
bottom pin structure may be employed.

(Reversal Current Density Measurement Method)

A DC power supply and a DC voltmeter are provided at
both ends of the spin-orbit torque wiring. The element
resistance of the magnetoresistance eflect element can be
measured by a four terminal method using the DC power
supply, the DC voltmeter, the upper electrode and the lower
clectrode which 1s the spin-orbit torque wiring.

A pulse current 1s applied to the spin-orbit torque wiring
and magnetoresistance 1s measured after the application.
The pulse width to be used i1s set to, for example, 0.5
seconds.

Further, an external magnetic field 1s apphed in the
extension direction of the spin-orbit torque wiring. The
magnitude of the external magnetic field 1s set to, for
example, 1000 Oe (100 mT).

In the embodiment to be described below, the reversal
current density was defined as the average of the absolute
value of the reversal current density from the parallel state
to the antiparallel state and the reversal current density from
the antiparallel state to the parallel state.

(Method of Determining Crystal Structure)

The crystal structure can be determined by thin film X-ray
diffraction (XRD). As the XRD, out-of-plane XRD and
in-plane XRD were performed.

At the same time, the atomic arrangement may be directly
checked by using a transmission electron microscope
(TEM).

(Method of Identifying Composition Ratio of Spin-orbit
Torque Wiring Material)

By using X-ray fluorescence analysis (XRF), the compo-
sition ratio of the spin-orbit torque wiring material can be

1dentified.

EXAMPLES

(Determination of Crystal Structure)
In Examples 1 to 11, the crystal structure of the material

constituting the spin-orbit torque wiring was determined as
follows.

A film structure of a sample for determining the crystal
structure was a thermally oxidized Si1 substrate/Ta (5 nm)/
spin-orbit torque wiring material (20 nm)/Ta (10 nm) and
was manufactured as follows.

A Ta film was formed as a base layer on a thermally
oxidized Si1 substrate to a thickness of 5 nm, and then a
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spin-orbit torque wiring material film was formed to a
thickness of 20 nm on the Ta film by using a DC/RF
magnetron sputtering device capable of performing simul-
tanecous binary sputtering. The composition ratio was
adjusted by changing the applied DC voltage and adjusting
the sputtering rate. The nitride films of Examples 9 to 11
were formed by allowing a pure nitrogen gas to tlow into a
sputtering chamber 1n addition to Ar gas after preparing a
mass flow controller and a gas line different from an Ar gas
line. Next, the Ta film having a thickness of 10 nm was
formed on the spin-orbit torque wiring material film to
manufacture a sample.

Next, the crystal structure was determined for each
obtained sample using thin film X-ray diffraction (out-oi-
plane XRD and in-plane XRD). The results are shown in
Table 1 and Table 2.

(Identification of Composition Ratio of Spin-orbit Torque
Wiring Maternal)

In Examples 1 to 11, the composition ratio of the con-
stituent material of the spin-orbit torque wiring was 1denti-
fied by X-ray fluorescence analysis (XRF).

A film structure of a sample for identifying the compo-
sition ratio of the spin-orbit torque wiring material was
thermally oxidized Si substrate/spin-orbit torque wiring,
material (100 nm), and was manufactured as follows.

A spin-orbit torque wiring material film was formed to a
thickness of 100 nm by using a DC/RF magnetron sputtering,
device capable of performing binary simultaneous sputter-
ing on a thermally oxidized Si1 substrate. The composition
ratio was adjusted by changing the applied DC voltage and
adjusting each sputtering rate. The results are shown 1n Table
1 and Table 2.

(Measurement of Reversal Current Density)

The reversal current density of each of the magnetoresis-
tance eflect elements of Examples 1 to 11 and Comparative
Examples 1 to 8 was measured while applying an external
magnetic field of 1000 Oe (100 mT) 1in the extension
direction of the spin-orbit torque wiring. The reversal cur-
rent density 1s obtained by dividing the current obtained
when the resistance value of the magnetoresistance eflect
clement changes by the cross-sectional area of the cross-
section of the spin-orbit torque wiring, wherein the cross-
section 1s orthogonal to the longitudinal direction of the
spin-orbit torque wiring. The reversal current density shown
in Table 1 and Table 2 1s the average of the absolute value
of the reversal current density when the magnetization
changes from the parallel state to the antiparallel state and
the reversal current density when the magnetization changes
from the antiparallel state to the parallel state.

The reversal current flowed while a DC power supply was
connected to both ends of the spin-orbit torque wiring. The
current was a pulse current having a pulse width of 0.5
seconds. The current amount was measured by a DC amme-
ter connected to both ends of the spin-orbit torque wiring. A
change 1n resistance value of the magnetoresistance ellect
clement was measured by a four terminal method 1n a state
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where the spin-orbit torque wiring of the magnetoresistance
cllect element was set to a lower electrode and an upper
clectrode was provided at the opposite side to the spin-orbit
torque wiring. A DC current supply and a DC voltmeter were
connected between the upper and lower electrodes.

A film configuration of each of the magnetoresistance
cllect element samples (Examples 1 to 11) for measuring the
reversal current was a thermally oxidized Si1 substrate/Ta (5
nm)/spin-orbit torque wiring material (10 nm)/Fe (0.9 nm)/
MgO (1.6 nm)/CoFeB (1.6 nm)/Ru (3 nm)/Ta (5 nm) and

was manufactured as follows.

A Ta film was formed as a base layer on a thermally
oxidized Si1 substrate to a thickness of 5 nm and then a
spin-orbit torque wiring material film was formed to a
thickness of 10 nm by using a DC/RF magnetron sputtering
device capable of performing simultaneous binary sputter-
ing on the Ta film. The composition ratio was adjusted by
changing the applied DC voltage and adjusting the sputter-
ing rate. The nitride films of Examples 9 to 11 were formed
by allowing a pure nitrogen gas to flow into a sputtering
chamber 1n addition to Ar gas after preparing a mass tlow
controller and a gas line different from an Ar gas line. Next,
the formed film was processed 1nto a rectangular shape 1n the
plan view to have a width of 200 nm and a length of 1000
nm by photolithography to form the spin-orbit torque wir-
ing. A S10, film was formed as an insulating film on a
portion removed by photolithography and a flat surface was
manufactured by CMP-polishing the spin-orbit torque wir-
ing and the mnsulating film.

Next, a Fe film corresponding to the first ferromagnetic
metal layer (the magnetization free layer) 01 0.9 nm, a MgO
film corresponding to the tunnel barrier layer of 1.6 nm, a
CoFeB film corresponding to the second ferromagnetic
metal layer (the magnetization fixed layer) of 1.3 nm, and a
Ru film of 3 nm and a Ta film of 5 nm corresponding to the
cap layer were sequentially formed on the spin-orbit torque
wiring. Then, a columnar magnetoresistance eflect element
having a diameter of 100 nm was manufactured by using
photolithography and Ar ion milling In addition, the film
was cut out to the Fe film corresponding to the first ferro-
magnetic metal layer by the Ar i1on mulling. The film
thickness of the ferromagnetic metal layer (Fe and CoFeB
films) 1s a film thickness 1n which a vertical magnetization
OCCUrs.

Further, since the magnetoresistance eflect element
samples (Comparative Examples 1 to 8) for measuring the
reversal current were different from those of Examples 1 to
11 1n that the spin-orbit torque wiring material was single
metal mstead of any one of alloy, metal carbide, and metal
nitride, the other structures were manufactured in the same
order as those of Examples 1 to 11.

The measurement result of the reversal current density for
the magnetoresistance effect elements of Examples 1 to 11
and Comparative Examples 1 to 8 obtained as described
above 1s shown in Table 1 and Table 2.

EXAMPLE 1 AlysNigs  Pm-3m
EXAMPLE 2 Al,sRugs  Pm-3m
EXAMPLE 3 Al,Rhy,s Pm-3m
EXAMPLE 4 Tiy Nigs  Pm-3m
EXAMPLE 5 Pt,sAlyos Pm-3m

TABLE 1

FIRST SOT REVERSAL
FERROMAGNETIC CURRENT

STRUCTURE METAL LAYER DENSITY [A/cm?]

CsCl Fe 5.5 x 10°

CsCl Fe 6.4 x 10°

CsCl Fe 6.2 x 10°

CsCl Fe 7.2 x 10°

CusAu Fe 4.2 x 10°
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FIRST SOT REVERSAL
FERROMAGNETIC CURRENT
MATERIAL SPACE GROUP STRUCTURE METAL LAYER DENSITY [A/cm?]
EXAMPLE 6 Tig¢/Nigy; Fd-3m Ti,Ni Fe 6.6 x 10°
COMPARATIVE Al Fm-3m Fe >10°
EXAMPLE 1 (IMPOSSIBLE
REVERSAL)
COMPARATIVE Ni Fm-3m Fe 3.8 x 108
EXAMPLE 2
COMPARATIVE Ru F63/mmc Fe 3.8 x 108
EXAMPLE 3
COMPARATIVE Rh Fm-3m Fe 4.3 x 108
EXAMPLE 4
COMPARATIVE Ti F63/mmc Fe >10%
EXAMPLE 5 (IMPOSSIBLE
REVERSAL)
COMPARATIVE Pt Fm-3m Fe 2.1 x 108
EXAMPLE 6
TABLE
FIRST SOT REVERSAL
FERROMAGNETIC  CURRENT
MATERIAL SPACE GROUP STRUCTURE METAL LAYER DENSITY [A/cm?]
EXAMPLE 7 Aly ¢7AU, 1, Fm-3m CaF, Fe 5.1 x 108
EXAMPLE & Sip»sMrg s Fm-3m BiF, Fe 6.9 x 10°
EXAMPLE 9 AIN Fm-3m NaCl Fe 8.2 x 10°
EXAMPLE 10  TaN Fm-3m NaCl Fe 3.1 x 106
EXAMPLE 11  TiN Fm-3m NaCl Fe 6.6 x 10°
COMPARATIVE Au Fm-3m Fe 2.8 x 108
EXAMPLE 7
COMPARATIVE  Si Fd-3m Fe >10%
EXAMPLE & (IMPOSSIBLE
REVERSAL)

As shown 1n Table 1 and Table 2, in Examples 1 to 11
corresponding to the magnetoresistance ef
including the spin-orbit torque wiring formed of a material
having a predetermined composition and a cubic structure
with symmetry of a space group Pm-3 1, Fd-3 m or Fm-3
m, the reversal current density was smaller than Compara-
tive Examples 1 to 8 corresponding to the magnetoresistance
effect element with the spin-orbit torque wiring tormed ot
single metal. That 1s, the reversal current density was on the
order of 10> A/cm” in Comparative Examples 1 to 8, but was
on the order of 10° A/cm” in Examples 1 to 11. As described
above, since the spin-orbit torque wiring was set to be a
predetermined material, the magnetization of the first ferro-

magnetic metal layer was easily reversed.

The concentration ranges of the alloys having the crystal
structures shown 1n Table 1 and Table 2 are as follows.

Al Ni1,_, (Example 1): 0.42<X<0.54
Al Ru,_, (Example 2): 0.48=X=0.51

X

Al Rh,_ . (Example 3): 0.48=X=0.38
T1 N1,__ (Example 4): 0.47=X=<0.50
Pt Al,_ (Example 35): 0.72=X<0.80
T1 Ni1,__ (Example 6): 0.50=X<0.67
Al _Au,__ (Example 7): 0.50=X<0.67
S1._Mn,__ (Example 8): 0.22<X<0.25

REF.

—
_1
-

R.

CNCE SIGNS LIST

1 First ferromagnetic metal layer
2 Spin-orbit torque wiring
100 Magnetoresistance eflect element

101 First ferromagnetic metal layer

‘ect element 102 Non-magnetic layer

103 Second ferromagnetic metal layer
105 Magnetoresistance etlect element portion

The mvention claimed is:
1. A spin current magnetization reversal element com-

prising;:
a first ferromagnetic metal layer with a changeable mag-

5 netization direction; and

a spin-orbit torque wiring that 1s bonded to the first
ferromagnetic metal layer, and extends in a second
direction intersecting a first direction, the first direction
being perpendicular to a surface of the first ferromag-
netic metal layer, and the spin-orbit torque wiring being
configured to change a magnetization direction of the
first ferromagnetic metal layer,

wherein:

a material of the spin-orbit torque wiring 1s a binary alloy
represented by the formula A B, _.:

A 1s an element selected from a group consisting of Al, Ti,
and Pt; B 1s an element selected from a group consisting,
of Al, Cr, Mn, Fe, Co, N1, Y, Ru, Rh, and Ir and the
material has a cubic structure with symmetry of a space
group Pm-3m or Fd-3m; or

A 15 an element selected from a group consisting of Al, Si,
11, Y, and Ta; B 1s an element selected from a group
consisting of C, N, Co, Pt, Au, and Bi1 and the material

has a cubic structure with symmetry of a space group

65 Fm-3m.

2. The spin current magnetization reversal element
according to claim 1,

40

50

55

60
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wherein the material has a CsCl crystal structure, and 1s
selected from a group consisting of Al Fe, ., Al Co,__,
Al N1, _, AlRu,_ ., AlLRh, , Allr,_, TiFe, ., Ti_
Co,_., and T1 N1, __.

3. The spin current magnetization reversal element

according to claim 1,

wherein the material has a T1,N1 crystal structure, and 1s
selected from a group consisting of T1 Fe,_, T1,Co,_,,
and Ti1 N1, __.

4. The spin current magnetization reversal element

according to claim 1,

wherein the material has a CujyAu crystal structure, and 1s
selected from a group consisting of Pt Al,_, Pt Cr,__,
Pt Mn,_, Pt Fe, , and Pt Y, .

5. The spin current magnetization reversal element

according to claim 1,

wherein the material has a NaCl crystal structure, and 1s
selected from a group consisting of AL N, ., T1. C,__,
Ti N, ., Y Bi,_,and TaN,_..

6. The spin current magnetization reversal element

according to claim 1,

wherein the material has a BiF, crystal structure, and 1s
selected trom a group consisting of Al Fe, , S1_Mn,
and S1, Fe,__.

7. The spin current magnetization reversal element

according to claim 1,

wherein the material has a CaF, crystal structure, and 1s
selected from a group consisting of Al Pt, , Al Au,__,
and Al Co, _..

8. The spin current magnetization reversal element

according to claim 1, further comprising:

a cap layer formed on the surface of the first ferromag-
netic metal layer on a side where the spin-orbit torque
wiring 1s provided, such that the cap layer 1s provided
between the first ferromagnetic metal layer and the
spin-orbit torque wiring.

9. The spin current magnetization reversal element

according to claim 1, further comprising:

a cap layer formed on the surface of the first ferromag-
netic metal layer on a side where the spin-orbit torque
wiring 1s provided, such that the cap laver 1s provided
between the first ferromagnetic metal layer and the
spin-orbit torque wiring,

wherein the cap layer 1s formed of any one selected from
a group consisting of Ru, Ta, Cu, Ag, Au, Mg, and Al.

10. The spin current magnetization reversal element
according to claim 1, further comprising:

a cap layer formed on the surface of the first ferromag-
netic metal layer on a side where the spin-orbit torque
wiring 1s provided, such that the cap layer 1s provided
between the first ferromagnetic metal layer and the
spin-orbit torque wiring,

wherein the cap layer has a crystal structure selected from
a Icc crystal structure, a hep crystal structure, and a bece
crystal structure.

11. The spin current magnetization reversal element
according to claim 1, wherein the first ferromagnetic metal
layer consists of Fe.

12. The spin current magnetization reversal element
according to claim 1, wherein the material of the spin-orbit
torque wiring has a crystal structure selected from the group
consisting of a CsCl crystal structure, a T1,Ni1 crystal struc-
ture, a Cu,Au crystal structure, a NaCl crystal structure, a
BiF, crystal structure, and a CaF, crystal structure.

13. The spin current magnetization reversal element
according to claim 1, wherein the first ferromagnetic metal
layer consists of a material selected from:
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a metal selected from Cr, Mn, Co, Fe, and Ni;

an alloy containing at least one of Cr, Mn, Co, Fe, and Ni;

an alloy containing at least one of Cr, Mn, Co, Fe, and N1
and at least one of B, C, and N; and

an alloy selected from Co—Fe, Co—Fe—B and Ni—Fe.

14. A magnetoresistance eflect element comprising:

a first ferromagnetic metal layer with a changeable mag-
netization direction;

a second ferromagnetic metal layer with a fixed magne-
tization direction;

a non-magnetic layer which 1s sandwiched between the
first ferromagnetic metal layer and the second ferro-
magnetic metal layer; and

a spin-orbit torque wiring that 1s bonded to the first
ferromagnetic metal layer, and extends 1n a second
direction intersecting a first direction, the first direction
being perpendicular to a surface of the first ferromag-
netic metal layer, and the spin-orbit torque wiring being
configured to change a magnetization direction of the
first ferromagnetic metal layer,

wherein:

a material of the spin-orbit torque wiring 1s a binary alloy
represented by the formula A B, _.:

A 15 an element selected from a group consisting of Al, Ti,
and Pt; B 1s an element selected from a group consisting,
of Al, Cr, Mn, Fe, Co, N1, Y, Ru, Rh, and Ir and the
material has a cubic structure with symmetry of a space
group Pm-3m or Fd-3m; or

A 15 an element selected from a group consisting of Al, Si,
11, Y, and Ta; B 1s an element selected from a group
consisting of C, N, Co, Pt, Au, and Bi1 and the material
has a cubic structure with symmetry of a space group
Fm-3m.

15. A magnetic memory comprising:

a plurality of the magnetoresistance eflect elements
according to claim 14.

16. The magnetoresistance eflect element according to

claim 14, wherein:

the material of the spin-orbit torque wiring 1s the binary
alloy, and 1s at least one selected from (1) to (1v):

(1) a material having a CsCl crystal structure and
selected from a group consisting of Al Fe, ., Al
Co, .,Al N1, ,Al Ru,_,Al Rh,_ ,Al Ir, ,T1 Fe,_
T1,Co,_,, and T1,Ni,__,

(11) a material having a Ti,N1 crystal structure and
selected from a group consisting of Ti Fe, ., Ti_
Co,_,, and T1 Ni1,__,

(111) a material having a Cu,Au crystal structure and
selected from a group consisting of Pt Al, ., Pt
Cr,_, Pt Mn,_, Pt Fe, ,and PLY,__,

(1v) a material having a NaCl crystal structure and
selected from a group consisting of AL N,_, 11, C
TiN, , Y Bi,_, and Ta N, _,

(v) a material having a BiF; crystal structure and
selected from a group consisting of Al Fe, ., Si
Mn,__, and S1 Fe,_ ., and

(vi) a material having a CaF, crystal structure and
selected from a group consisting of Al Pt,_, Al
Au,__, and Al Co, _..

17. The magnetoresistance eflect element according to
claim 14, wherein the first ferromagnetic metal layer con-
sists of Fe.

18. The magnetoresistance eflect element according to
claim 14, wherein the second ferromagnetic metal layer, the
non-magnetic layer, the first ferromagnetic metal layer, and
the spin-orbit torque wiring are present 1n this order.

1-x°

1-x3

1-x3

-x1
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19. The magnetoresistance effect element according to
claim 14, wherein the first ferromagnetic metal layer 1s a free
magnetization layer, and the second ferromagnetic metal
layer 1s a magnetization fixed layer.

20. The magnetoresistance eflect element according to 5
claim 14, wherein:

the second ferromagnetic metal layer consists of a mate-

rial selected from:

a metal selected from Cr, Mn, Co, Fe, and Nu;

an alloy containing at least one of Cr, Mn, Co, Fe, and 10
Ni;

an alloy containing at least one of Cr, Mn, Co, Fe, and
Ni and at least one of B, C, and N;:

an alloy selected from Co—Fe and Co—Fe—B; and

an alloy selected from Co,FeS1, Co,MnSi1, and 15
Co,Mn,_Fe Al S1,_,, and

the non-magnetic layer consists ol a material selected

from:

an alloy selected from Al,O,, S10,, MgO, and
MgAl,O,; 20

a metal selected from Al, S1, and Mg 1n which a part of

the Al, S1, or Mg 1s substituted by Zn or Be; or
a metal selected Cu, Au, and Ag.
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